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Summary

In this study, Ce/Cr redox flow battery system (RFB), which had redox pair in

different oxidation states, was performed in aqueous acidic medium for the

first time in the literature. At Ce/Cr RFB system, optimization of acid (H2SO4),

and active ion (Cr(III) and Ce(III) ions) concentration were executed by using

differential pulse voltammetry and electrochemical impedance spectroscopy

methods. The mass transfer type for positive electrolyte was determined by

using of cyclic voltammetric method. Both chemical stability and changes on

surface morphology of pencil graphite electrode were analyzed with scanning

electron microscope. Cyclic charge/discharge test was performed for this novel

electrolyte composition. Cell potential and the highest discharge capacity

values were also determined as 1.52 V and 21.2 mAh L�1, respectively, at

0.8 mA cm�2 charge current density and 0.2 mA cm�2 discharge current den-

sity. Obtained data in this work can open a new perspective for the using of

the alternative redox couples for the redox flow batteries.
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1 | INTRODUCTION

Electrochemical energy storage devices are taken great
attention day by day due to the increasing demand of
today's knowledge society's energy supply from renew-
able sources such as wind energy, solar energy, and so
on.1-6 A battery is a device that give permission to trans-
formation from chemical energy to electrical energy by
an electrochemical oxidation-reduction reaction of the
active ions.7-9 Batteries can be divided, which are primary
and secondary into two main categories according to
their rechargeable or non-rechargeable property.10 A pri-
mary battery such as alkaline manganese dioxide,11 zinc-
carbon,12 and lithium thionyl chloride13 does not have
the property of being recharged and energy is irreversible

in these batteries. Contrary to this, a secondary battery
such as lead-acid,14-18 lithium-ion,7,19,20 nickel-cadmium
battery,21 sodium-sulfur,22 and nickel-metal hydride (Ni-
MH)23,24 is rechargeable. Due to the electrical energy can
be transformed to chemical energy and stored in the bat-
tery, so secondary batteries are also commonly known as
energy storage devices.25 Supercapacitors, which known
as new generation energy storage systems, are developed
an alternative to battery systems.26-29 However, their
energy density is low compared to batteries.30 Different
alternatives have been researched instead of some batte-
ries such as lead acid batteries, Ni-MH batteries, and Li-
based batteries. They also have some disadvantages such
as, in lead acid batteries, environmental effects of Pb,
their incorrect disposal and low cycle life; in Ni-Cd
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batteries, they have toxic properties of the Cd. Although
many improvements are made Ni-MH batteries are
expensive than Li-ion batteries as a unit price. If lithium
ion batteries are used or not, have a short life of 2 to
3 years from the date of manufactured.10

Redox flow batteries (RFBs) are especially very suit-
able for large-scale energy storage application.31-37 RFB
systems comprise of three main parts, which are proton-
exchange membrane, electrolyte, and electrodes.2,38-40

The so-called positive (catholyte) and negative (anolyte)
electrolyte solutions in the system are separated from
each other by an ion-selective membrane.39,41 This mem-
brane allows the transition of ions in the electrolyte to
enable the neutrality of the system and helps to prevent
the mixing of these electrolytes.42-44 Difference from tra-
ditional battery systems, the anolyte, and catholyte elec-
troactive species are stored in tanks external to the cell
stack.45 RFB systems, the active species in the electrolyte,
which are moved by an external circulation, are oxidized,
and reduced on the electrode surface. In these systems,
carbon-based materials are widespread electrode mate-
rials utilized in RFB system, which are inert of chemi-
cally and do not consist of oxides and exposed to
dissolution.2,32-34,46-49 Vanadium redox flow batteries
(VRFBs) are the most commonly used redox flow batte-
ries.31,48,50,51 The V(V) ion's tendency to precipitation at
high temperature (>40�C) and the system's relative low
potential (~1.26 V) are significant problems for the vana-
dium based redox flow batteries.52-55 Also, aqueous elec-
trolyte systems compare with non-aqueous systems,
generally have some advantages like high energy density,
more economical, more environmentally, fast ionic
mobility and high safety.56 In addition, when organic sol-
vents are used, their practical use may be prevented for
some reasons such as toxic properties, flammable, and
low solubility for active metals.56,57 RFBs can be consid-
ered to have many application areas such as industrial
batteries, delivery vehicles, passenger cars, emergency
uninterruptable power supply, telecommunications, mili-
tary vehicles, military installations, hospital equipment,
submarines, railroad signal, relay stations, and peak
shaving.58 At this point, it is important to develop redox
battery systems that do not tend to precipitation at work-
ing temperature and have high cell potential. For these
reasons, it will be important to investigate of novel redox
pairs in anolyte and catholyte solutions at aqueous RFB
systems.

Cerium-based electrolyte systems have great impor-
tance for redox flow battery systems as electrolyte compo-
nents with their higher cell potential than vanadium-
based redox flow batteries.59-65 These studies in the litera-
ture mainly focused on new electrolyte media for ions of

cerium in an acid mixture.59-62,64 Leung et al59 were used
mixed-acid solutions based on methanesulfonate-sulfate
anions in vanadium and cerium-based flow battery.
Although methanesulfonic acid increased the solubility
of the vanadium and cerium species, it increased the cost
of the flow battery according to the sulfuric acid electro-
lyte. Xie et al60 were used same supporting electrolyte for
cerium and zinc-based redox flow batteries. While they
increased the solubility of the related species by using of
methanesulfonic acid, high price of it was still an impor-
tant disadvantage for the commercialization of the bat-
tery systems. Na et al63 introduced the cerium and lead
including electrolyte solutions for redox flow batteries.
However, since the lead has harmful effects on the envi-
ronment, it can cause the environmental pollution at the
end of electrolyte use or electrolyte leak. Complex forms
of vanadium, cerium, and chrome in sulfuric acid solu-
tion were used as electrolyte of redox flow batteries by
Modiba et al.65 While the preparation of the related com-
plexes had long procedure and theirs limited solubility in
the sulfuric acid solution can decrease the performance
of the system in battery tests.65 Hence, preparation of
new electrolyte component consisting cerium in aqueous
sulfuric acid has great potential for the redox flow
batteries.

In this work, a novel cerium-chrome redox flow bat-
tery (Ce/Cr RFB) in aqueous media was studied. Ce/Cr
RFB had a high potential range relative to VRBs.
Although both the supporting electrolyte and organic sol-
vent were used in the battery containing Ce and Pb ion
pairs at previous studies, discharge potential value was
found to be 1.7 V. Our study will attract attention in
terms of both its working in aqueous media and its 1.6 V
discharge potential value, which close to given to above
value.63 When examined studies containing cerium and
different metal ions, a new redox ion pair in the aqueous
system has been designed and planned to be brought into
the literature, due to used organic solvent of the electro-
lyte media at previous studies. Regarding to these cerium
studies, use of acid-base mixture, methanesulfonic acid
as solvent or use of supporting electrolyte had some dis-
advantages such as its cost and harmful effect on envi-
ronment. Ce(III)/(IV) and Cr(II)/(III) solutions were
prepared positive electrolyte (catholyte) and negative
electrolyte (anolyte) solutions, respectively of a redox
flow battery in sulfuric acid. Throughout the charging
process, Ce(III) ions are oxidized to Ce(IV) ions at the
positive electrolyte by release the electrons (Equation 1)
and Cr(III) ions is reduced to Cr(II) ions at the negative
electrolyte by acquire the electrons (Equation 2).
Throughout the discharge, the electrochemical reactions
are reversed and reactions are as follows:
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Positive electrolyte :Ce4þ aqð Þ þ e�⇄Ce3þ aqð Þ
E� ¼ 1:720V vs:SHEð Þ ð1Þ

Negative electrolyte :Cr2þ aqð Þ⇄Cr3þ aqð Þ þ e�

E� ¼ 0:407V vs:SHEð Þ ð2Þ

2 | EXPERIMENTAL

2.1 | Electrochemical measurements

Cyclic voltammetry (CV) and differential pulse
voltammetry (DPV) measurements were performed by
using the Autolab PGSTAT 128 N model potentiostat/
galvanostat. Electrochemical impedance measurements
were done by using Gamry Referance 3000 (Gamry
Instruments, USA) series potentiostat/galvanostat. In the
electrochemical analyses, pencil graphite electrode (PGE,
0.5 HB Tombow with an active surface area of 0.1 cm2),
platinum wire, and Ag/AgCl (within 3 M KCl) were used
as working, counter, and reference electrode, respec-
tively. Carbon felt electrodes (purchased from MERSEN
Industrial Products Inc., with an active geometric surface
area of 25 cm2) were used in cyclic charge discharge tests.

2.2 | Preparation of positive and
negative electrolytes

Electrolyte solutions (catholyte) containing Ce(III) at dif-
ferent concentrations (0.050 M; 0.075 M; 0.100 M;
0.150 M, and 0.200 M) were prepared by using salt of
CeCl3 (abcr GmbH, 99%). Constant concentration of
Ce(III) and different concentrations (0.5 M, 1.0 M, 2.0 M,
3.0 M, 4.0 M and 4.5 M) of sulfuric acid solutions were
also prepared and characterized by electrochemical
methods. Electrolyte solutions (anolyte) containing
Cr(III) and sulfuric acid were prepared by using salt of
CrCl3 (Sigma-Aldrich, > 98%), preparing of these solu-
tions and optimization of sulfuric acid and Cr(III) were
given in the previous study.66 As an anolyte solution,
0.2 M Cr(III) in 4 M sulfuric acid was prepared for
charge-discharge tests.

2.3 | Electrochemical characterization of
positive and negative electrolytes

The optimization of sulfuric acid and active ions concentra-
tion, anodic-cathodic peak current density, and peak redox
capacities were analyzed with DPV method. Ce(III) solu-
tions were analyzed with PGE by using DPV method and

scanned from 1.0 V to 1.5 V potential range at 10 mV s�1

scan rate. Obtained data of Rs (solution resistance), Rct

(charge transfer resistance), Cdl (double layer capacitance),
and W (warburg) impedance parameters were fitted
according to electrochemical impedance spectroscopy
(EIS) equivalent circuit model, it is given in Figure 1.
Applying this model, the error in the obtained EIS data is
less than 5%. Analyses were conducted against open circuit
potential with 10 mV amplituted voltage at the frequency
range of 105 ile 10�2 Hz. All data belonging to Cr(III),
which are DPV, CV, EIS, and scanning electron micro-
scope (SEM) analyses were given in the previous study.66

2.4 | Charge discharge tests of positive
and negative electrolytes

Charge-discharge test was performed by using Gamry
Referance 3000 (Gamry Instruments, USA) series
potentiostat/galvanostat. At charge-discharge process FB-
25 (Greenlight, Canada) model flow battery test cell was
used. Charge-discharge tests were utilized for explaining
of redox flow battery's capacity. Cyclic charge and dis-
charge tests were applied together to the battery system.
The life and discharge capacity parameters of the system
were determined based upon the data obtained through-
out application. Positive electrolyte (catholyte) and nega-
tive electrolyte (anolyte) solutions were used containing
cerium and chromium ions, respectively. In the Ce/Cr
battery system, electrolyte solutions containing of 0.2 M
cerium(III) and 0.2 M chrome(III) in 4 M sulfuric acid
were prepared as 100 mL for charge-discharge tests, sepa-
rately. Carbon felt electrodes, with a geometric surface area
of 25 cm2, were used as anode and cathode electrodes.
Electrolyte solutions pumped to system with 2 mL s�1 flow
rate. Charge-discharge tests for the electrolyte system con-
taining Ce/Cr pair were conducted with 0.020 A charge
current to 1.52 V charge potential, and 0.005 A discharge
current to 0.4 V discharge potential. The current density of
the charge and discharge values were calculated to be
0.8 mA cm�2 and 0.2 mA cm�2, respectively.

FIGURE 1 Equivalent circuit model used to fit of

electrochemical impedance spectrums
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2.5 | Morphological characterization of
PGE electrodes

The morphological studies of the working electrodes (PGE)
surface were analyzed with SEM via the Zeiss EVO LS10
model instrument. This characterization was done with
�5000 magnification without requiring gold-plated. SEM
images of unmodified (bare) and modified PGE within
200 voltammetric cycles in electrolyte solutions were taken
separately and examined. SEM image of modified PGE at
chromium solution was given in the previous study.66

3 | RESULTS AND DISCUSSION

3.1 | Optimization of positive
electrolytes

The optimization of sulfuric acid concentration was exam-
ined in 0.2 M Ce(III) ions and different concentrations

(0.5 M, 1.0 M, 2.0 M, 3.0 M, 4.0 M, and 4.5 M) of sulfuric
acid solutions. Figure 2A shows the differential pulse
voltammograms of these solutions. An oxidation peak
observed around 1.25 V shows the oxidation of Ce(III) ions
to Ce(IV). The peak current densities and the peak redox
capacities also increased as a function of the increasing sul-
furic acid concentration to 4.0 M (Figure 2B). This result
should be related with mass transfer mechanism to elec-
trode surface. As a function of adsorption, which is active
as well as diffusion, the peak redox capacities and peak
current intensities increased (Figure 2B). In addition,
increasing of hydronium ions can be effective in the oxida-
tion reaction of cerium(III) to cerium(IV). Also, it provides
the reversibility of oxidation reaction in acidic solution
(Equation 1).31 Besides, the oxidation reaction of
cerium(III) to cerium(IV) was catalyzed by hydronium ion
in more acidic solution (Figure 2B).67,68 However, when
the concentration of sulfuric acid was 4.5 M, peak current
density and peak redox capacities decreased due to precipi-
tation trend of Ce(III) species (Figure 2B). Figure 2C shows

FIGURE 2 A, DPV voltammograms. B, Peak current and peak redox capacity values of anodic peak. C, Electrochemical impedance

spectra of solutions consisting of 0.2 M Ce(III) ion and different concentrations (0.5 M, 1.0 M, 2.0 M, 3.0 M, 4.0 M, and 4.5 M) of sulfuric acid

solutions [Colour figure can be viewed at wileyonlinelibrary.com]

KOCYIGIT ET AL. 16179

http://wileyonlinelibrary.com


the fitted EIS spectrums of the electrolyte solutions con-
sisting 0.2 M Ce(III) and increasing sulfuric acid concentra-
tion. EIS analysis supports the electrocatalytic effect of
increasing acid concentration on the oxidation. In EIS
analysis, interfacial properties of the system can be charac-
terized, and multiple parameters (like Rs, Rct, W, and Cdl)
can be determined in only one experiment.67,69,70 Due to
increased acid concentration, solution resistance (Rs)
values tend to decrease as a result of the increased amount
of mobile ions in the electrolyte solution (Table 1). As the
resistance of solution decreases, the mobility of these ions
will be easier in the solution. The charge transfer resistance
(Rct) is related with electron transfer for the redox reaction
which occurring on the electrode surface.17 The Rct values
also showed a general decrease tendency depending on the
increasing acid concentration to 4.0 M. These decreases on
Rct values could be related by electrocatalysis of hydronium
ion on the oxidation reaction.17,67,69,70 However, since the
precipitation of the Ce(III) ions started in the solution con-
sisting of sulfuric acid concentration more than 4.0 M, Rct

value tend to increase (Table 1). The Warburg impedance
provides information about diffusion of mobile ions to the
porous electrode surface. When W values were examined,
decreases in the values were generally observed as a func-
tion of the increasing sulfuric acid concentration. Thus,
decreases in the rate of diffusion were observed with
increasing sulfuric acid concentration. Since the mass
transfer mechanism was determined as diffusion and
adsorption for the redox reaction, adsorption had dominant
effects on the change of the peak current and redox capac-
ity. Hence, increasing of sulfuric acid concentration
decreased the diffusion rate of mobile ions to the electrode
surface. Double layer capacitance (Cdl) values of the system
also increased as a function of the increasing sulfuric acid
concentration. It was also supporting increasing diffusion
rate by increasing sulfuric acid concentration (Table 1).
The Rs value associated with the solution resistance gener-
ally decreases with the increasing of acid concentration,
which can be interpreted as the increasing solution con-
ductivity with increasing ion concentrations in acidic

media (Figure 2C and Table 1). However, the increasing of
Rs in sulfuric acid solution from 1.0 M to 2.0 M was mainly
related with the decreasing of mobility of the ions in the
solution (Figure 2C and Table 1). Increasing of ion concen-
tration limited the mobility of the active ions in the electro-
lyte system. The lower Rs values in the solution consisting
3.0 M and 4.0 M sulfuric solutions were also related with
the interactions of Ce(III) ions and hydronium ions
(Figure 2C and Table 1). In this condition, active ions
found free space to move, and this also let to decrease in Rs

values. Then, Rs values tend to decrease in solution con-
sisting 4.5 M of sulfuric acid. The lower Especially in cases
which the acid concentration is higher than 4.0 M, consid-
ering at the results of EIS analysis could said be deviations
since cerium ions started to precipitate in more concen-
trated acid media (>4.0 M). The most suitable acid
medium for cerium solution was chosen as 4.0 M for catho-
lyte solution. DPV and EIS results showed that the best
performance (capacities, ability of electron transfer, and so
on) was determined in the solution consisting 4.0 M of sul-
furic acid concentration. For this reason, cyclic charge dis-
charge tests were also performed at this optimum acid
concentration.

Electrolyte solutions consisting different concentra-
tions (0.05 M, 0.075 M, 0.1 M, 0.15 M, and 0.2 M) of
Ce(III) ions were prepared in 4.0 M sulfuric acid, which
was chosen as the optimum value, and these electrolyte
solutions were electrochemically characterized by using
of DPV and EIS methods (Figure 3A). As a function of
the increasing Ce(III) ions concentration, the increase
tendency has been observed in anodic peak current and
peak redox capacities. Since the concentration of the
active ions in the solution from 0.05 M to 0.20 M, more
redox reactions occurred on the electrode surface, and
peak current/redox capacities values increased
(Figure 3B). EIS analysis was examined in the solutions
consisting of increasing cerium concentration, and then
Rs, Rct, Cdl, and W values interpreted. Increasing of
Ce(III) ion concentration enhanced the conductivity
of the electrolyte, the solution resistance (Rs) values

TABLE 1 Solution resistance (Rs), charge transfer resistance (Rct), and Warburg impedance (W) values of solutions consisting of 0.2 M

Ce(III) ion and different concentrations (0.5 M, 1.0 M, 2.0 M, 3.0 M, 4.0 M, and 4.5 M) of sulfuric acid solutions

Concentration of sulfuric acid/M Rs/Ω Cdl/F Rct/Ω W Goodness of fit

0.5 5460 957,4e-9 6000 473,1e-9 4905e-3

1.0 4700 1007e-6 5200 1029e-6 5096e-3

2.0 5190 1042e-6 5280 407,7e-9 2761e-3

3.0 3680 1305e-6 3700 606,5e-9 2494e-3

4.0 3790 1026e-6 3810 542,0e-9 2309e-3

4.5 5100 3496e-6 46,00 6750e-6 26,04e-3
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decreased in the electrolyte solutions. However, when
the concentration of Ce(III) ions was 0.15 M, Rs value
increased. In this concentration of Ce(III) ions, the inter-
actions between Ce(III) ions and hydronium and sulfate
ions were probably limited the mobility of Ce(III) ions.
When the concentration of Ce(III) ion increased from
0.15 M to 0.20 M, this value started to decrease due to
increased amount of ionic composition of the electrolyte
with added Ce(III) ions. Charge transfer resistance (Rct)
values also decreased (Figure 3C and Table 2). Rct values
depend upon the concentration of Ce(III) ions. Hence,

increasing of concentration of Ce(III) ions in the electro-
lyte solution decreased Rct values and redox reaction
occurred easier in more concentrated Ce(III) including
solutions. Considering these results, 0.2 M Ce(III) should
be used as optimum concentration. Higher concentration
of cerium ions in 4.0 M sulfuric acid tends to precipitate.
When examined at Warburg impedance, these values
decreased as a function of increasing Ce(III) concentra-
tion due to adsorption dominated mass transfer
(Figure 3C and Table 2). These results also supported in
the determination of mass transfer mechanism, and

FIGURE 3 A, DPV voltammograms. B, Peak current and peak redox capacity values of anodic peak. C, Electrochemical impedance

spectrums of solutions consisting of 4.0 sulfuric acid and different concentrations (0.050 M, 0.075 M, 0.100 M, 0.150 M, and 0.200 M) of

Ce(III) ion [Colour figure can be viewed at wileyonlinelibrary.com]

TABLE 2 Solution resistance (Rs),

charge transfer resistance (Rct), and

Warburg impedance (W) values of

solutions consisting of 4.0 M sulfuric

acid and different concentrations

(0.050 M, 0.075 M, 0.100 M, 0.150 M,

and 0.200 M) of Ce(III) ion solutions

Concentration of Ce3+/M Rs/Ω Cdl/F Rct/Ω W Goodness of fit

0.050 4600 795,7e-9 5600 3147e-6 110,8e-3

0.075 3000 1329e-6 4200 496,9e-9 2787e-3

0.100 3500 1085e-6 4100 631,7e-9 2780e-3

0.150 4500 1017e-6 4800 890,1e-9 5077e-3

0.200 3400 1352e-6 3800 765,8e-9 3958e-3
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adsorption and diffusion-controlled mass transfer were
available in the electrolyte system for the redox reaction.
The data obtained from DPV and EIS analyzes were eval-
uated due to the above-mentioned results. These analyzes
were helpful in determining both acid concentration and
optimum Ce(III) ion concentration. The most suitable
active ion concentration for electrolyte solution was cho-
sen as 0.2 M.

3.2 | Optimization of negative
electrolytes

Our previous work also demonstrated the optimization of
sulfuric acid and Cr(III) concentrations for the anolyte
component of Cr-Co based redox flow battery system.66

They were determined as 4.0 M and 1.0 M for sulfuric
acid and Cr(III), respectively.66 However, sulfuric acid

and Cr(III) ions concentrations were used in the same
concentrations for providing of charge-balance in the
charge-discharge test. Hence, the concentration of sulfu-
ric acid and Cr(III) ions was used as 4.0 M and 0.2 M,
respectively, in cyclic charge-discharge tests. Mass trans-
fer mechanism was also found as diffusion-controlled for
the anolyte solution in the related work.66

3.3 | Determination of mass transfer
mechanism for positive electrolyte

To determining type of mass transfer mechanism, cyclic
voltammetric analysis were carried out at different scan-
ning rate (10, 20, 30, 40, 50, 60, 70, 80, 90, and 100 mV
s�1) between of 0.8 V and 1.7 V potential range in the
solution consisting 0.2 M Ce(III) ion and 4.0 M sulfuric
acid (Figure 4). Obtaining cathodic peak at around 1.2 V
in the voltammograms was related with reduction of
Ce(IV) ion to Ce(III) ion (Figure 4). Since only cathodic
peak can be observed well in cyclic voltammograms,
these data were used in order to determine the type of
mass transfer. Figure 5 shows the cathodic peak currents
against the square root of the scanning rate, and a
nonlinear behavior was observed in the graph. Hence,
mass transfer type was determined as diffusion and
adsorption controlled.67

3.4 | Stability tests of electrodes in
positive electrolyte

Stability test was studied by using CV method with
50 mV s�1 scanning rate during 200 voltammetric cycle
between 0.8 V and 1.7 V in 0.2 M Ce(III) and 2.0 M sulfu-
ric acid containing electrolyte solution. Figure 6 shows
these voltammograms. Since the oxidation and reduction
peaks of Ce(III) can be seen more clearly at low acid

FIGURE 4 Cyclic voltammograms of solution consisting 0.2 M

of Ce(III) solution in 2.0 M of sulfuric acid at different scanning

rates (10; 20; 30; 40; 50; 60; 70; 80; 90, and 100 mV s�1)

FIGURE 5 Cathodic peak current

values vs square root of scan rate

[Colour figure can be viewed at

wileyonlinelibrary.com]
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concentration, 2.0 M sulfuric acid was used as the scan-
ning rate in this study.68 As a result of these 200 cycles,
some increase has been observed at anodic and cathodic
peak currents as a function of the increasing voltammetric

cycle from 1 to 200 (Figure 6). In addition, no peaks were
observed except for the reduction and oxidation peaks of
cerium and no deviation was observed in their potential.
Therefore, electrolyte solution containing cerium ions in
acidic media can be used as a positive electrolyte for long
cycle in redox flow batteries.

The SEM images of the bare PGE and the PGE, which
was used as positive electrode for 200 cycles in cerium
electrolyte solution, can be seen in Figure 7. The SEM
images show that no deformation formed on the surface
of the carbon-based PGE, and also this electrode struc-
ture was stable as chemically (Figure 7A and Figure 7B).
In this point, high electrode stability in cerium including
electrolyte can also let the use of this electrolyte for long
cycle life.

3.5 | Applications of the Ce/Cr RFB
system

Cyclic voltammograms of Ce/Cr pair were overlapped at
the same plane and the charge-discharge parameters

FIGURE 6 Cyclic voltammograms of the pencil graphite

electrode in the solution consisting of 0.2 M Ce(III) ion in 2.0 M

sulfuric acid solution for 200 cycles

FIGURE 7 SEM image of a bare pencil graphite electrode, and b pencil graphite electrode after 200 voltammetric cycles in 0.2 M Ce(III)

ion and 2.0 M sulfuric acid solution with 5000� magnification ratio

FIGURE 8 Cyclic voltamograms of

0.2 M Ce(IV) and 0.2 M Cr(III) ions

obtained in 4.0 M sulfuric acid solutions

[Colour figure can be viewed at

wileyonlinelibrary.com]
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were determined for this new generation RFB system by
using data obtained from these voltammograms
(Figure 8). While the battery charge potential value was

given between the reduction potential of chromium and
the oxidation potential of cerium, the battery discharge
potential value was been given between the oxidation
potential of chromium and the reduction potential of
cerium. While an oxidation peak of the Ce(III) ion to
Ce(IV) ion was observed at about 1.6 V, reduction peak
was observed at around 1.2 V (Figure 8). According to
these data, the working potentials of the RFB during the
charge and discharge processes were determined as 1.2 V
and 0.7 V, respectively.

Cr3þþe� ⇄Charge
DischargeCr

2þ ð4Þ

Ce3þ ⇄Charge
Discharge Cr

4þþe� ð5Þ

Cyclic charge-discharge tests were also carried out to
determine the discharge capacity of this novel electrolyte
system for the redox flow batteries. Five cycle charge/dis-
charge curves for the Ce/Cr redox pair are given in
Figure 9. The discharge capacities were found as 20 mAh
L�1, 20.4 mAh L�1, 20.8 mAh L�1, 21.1 mAh L�1, and

FIGURE 9 Charge/discharge curves of Cr/Ce battery system
for five cycles [Colour figure can be viewed at

wileyonlinelibrary.com]

TABLE 3 Comparing the cell potential of different electrolyte in redox flow batteries and this work

Anolyte Catholyte

Discharge cell potential and
charge–discharge current
densities

CE%
VE%
EE% Ref.

1.0 M of Cr(II)/Cr(III) in 3.0 M
HCl

1.0 M of Fe(III)/Fe(II) in 3.0 M
HCl

1.1 V at 40 mA cm�2 EE:81% 38

0.05 M Cr(II)/Cr(III)
acetylacetonate in 0.5 M of
TEABF4

0.05 M Cr(IV)/Cr(V)
acetylacetonate in 0.5 M of
TEABF4

3.4 V at 1 mA and 0.1 mA CE:55%
EE:20%

71

0.1 M Fe(II)-EDTA+1 M
sodium acetate

0.1 M Cr(III)-EDTA+1 M
sodium acetate

2.12 V at 2 mA VE:41.6%
EE:6.94%,

72

0.01 M [Co(phen)3]2+ and 0.5 M
TEAPF6 in CH3CN

0.01 M [Co(phen)3]2+ and 0.5 M
TEAPF6 in CH3CN

2.25 V at 1 mA and 0.1 mA CE:52% 73

3.0 M Cu(I)/Cu in 4.0 M of HCl 3.0 M Cu(II)/Cu(I) in 4.0 M of HCl 0.6 V at 20 mA cm�2 VE:80%
EE:93%

74

1.0 M of Cr(III) in 4.0 M of
H2SO4

1.0 M of Co(II) in
4.0 M of H2SO4

1.4 V at 4 mA cm�2 and
0.4 mA cm�2

CE:57.2%
VE:70.1%
EE:53.8%

66

2.0 M V(II) in 4.0 M of
methanesulfonic acid

0.8 M of Ce(III) in 4.0 M of
methanesulfonic acid

1.78 V at 650 mA cm�2 CE:78%
VE:74%
EE:70%

59

2.0 M Zn(II) in 4.0 M of
methanesulfonic acid

2.0 M Ce(II) in 4.0 M of
methanesulfonic acid

2.1 V at 20 mA cm� 2 VE:88%
EE:75%

61

1.5 M Pb(II) in 1.0 M of
methanesulfonic acid

1.0 M Ce(III) in 1.0 M of
methanesulfonic acid

1.7 V at 5 mA cm�2 CE:92%
EE:86%

63

0.2 M Cr(II) in 4.0 M of sulfuric
acid

0.2 M Ce(III) in 4.0 M of sulfuric
acid

1.52 V at 0.8 mA cm�2

/0.2 mA cm�2
CE:58.5%
VE:97.3%
EE:58.6%

This work

Abbreviations: CE, Columbic efficiency; EE, Energy efficiency; VE, Voltage efficiency.
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21.2 mAh L�1 for first cycle, second cycle, third cycle,
fourth cycle, and fifth cycle, respectively. As can be seen
from Figure 9 the discharge capacities of the batteries
increased slightly upon cycling. The wetting of the elec-
trodes increased as a function of the increasing charge-
discharge cycle. Indeed, surface of carbon felt was acti-
vated at around 1.5 V by oxygen including functional
groups.2 These groups also increased the electrochemical
activity of the carbon felt electrode to the related redox
reaction. The highest discharge capacity for this battery
system was found as 21.2 mAh L�1. The reason for
obtaining relatively low-capacity value can be related
with diluted concentration of cerium and chromium
solutions. Since the dissolution problem was determined
in the preparation of Ce(III) solution, 0.2 M of Ce(III)
solution was used. However, new studies can be made to
prevent the precipitation of cerium ions above 0.2 M con-
centration and thus capacity can be increased. The deter-
mined cell potential value (1.52 V) was higher than that
of theoretically calculated value (1.2 V). This difference
on theoretical and experimental values can also be
related with the used electrode (carbon felt) in cyclic
charge-discharge tests. In addition, enhanced of the volt-
age range contributes to increase in application areas of
the flow battery system. When the enhanced cell poten-
tial was compared with the literature, an applicable result
was determined by using of aqueous electrolyte (Table 3).
Determined highest voltage efficiency (VE), energy effi-
ciency (EE), and columbic efficiency (CE) of the battery
were also determined for the fifth cycle as 97.3%, 58.6%,
and 58.5%, respectively. When these values compared
with the literature, a certain increase was observed in
voltage efficiency of the flow battery system (Table 3).
However, columbic efficiency and energy efficiency were
lower than those of the studies in the literature due to
diluted active ion concentration in the presented work
(Table 3). Cycle charge-discharge tests show that Ce/Cr
electrolyte couple in sulfuric acid solution works success-
fully as electrolyte component of the redox flow batteries.

4 | CONCLUSION

In this work, redox pairs Ce/Cr at different oxidation
steps in acidic media were used as electrolyte solutions of
redox flow batteries for the first time in the literature.
According to the electrochemical characterization pro-
cess, optimum sulfuric acid concentration and Ce(III)
concentration were determined as 4.0 M and 0.2 M,
respectively. Mass transfer mechanism for the reaction
was determined both the effects of diffusion and adsorp-
tion. Electrode stability of the cerium including positive
electrode was higher than that of 200 voltammetric cycles

according to the SEM analysis. Indeed, this novel redox
couple for the redox flow battery system had relatively
higher discharge potential value as 1.52 V, which was
higher about 0.32 V than its theoretical cell potential.
Obtained cell potential value is higher than the nominal
voltage value (~1.26 V) of vanadium redox battery sys-
tems. When viewed from this aspect, this study has been
given a good result in increasing the cell potential of RFB
systems. Also, in this system, obtained capacity value had
an important data for using of it as alternative for the
conventional redox flow batteries.
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